Previous petrological and phase-equilibrium experimental studies on recent silicic andesites from Mount Pelée volcano have evidenced comparable pre-eruptive conditions for plinian and dome-forming (pelean herein) eruptions, implying that differences in eruptive style must be primarily controlled by differences in degassing behaviour of the Mount Pelée magmas during eruption. To further investigate the degassing conditions of plinian and pelean magmas of Mount Pelée, we study here the most recent Mount Pelée's products (P1 at 650 years B.P., 1902, and 1929 eruptions, which cover a range of plinian and pelean lithologies) for bulk-rock vesicularities, glass water contents (glass inclusions in phenocrysts and matrix glasses) and microtextures. Water contents of glass inclusions are scattered in the plinian pumices but on average compare with the experimentally-deduced pre-eruptive melt water content (i.e., 5.3-6.3 wt.%), whereas they are much lower in the dominant pelean lithologies (crystalline, poorly vesicular lithics and dome samples). This indicates that the glass inclusions of the pelean products have undergone strong leakage and do not represent pre-eruptive water contents. The water content of the pyroclast matrix glasses are thought to closely represent the residual water content in the melt at the time of fragmentation. Determination of the water contents of both the pre-eruptive melt and matrix glasses allows the estimation of the amount of water exsolved upon syn-eruptive degassing. We find the amount of water exsolved during the eruptive process to be higher in the pelean products than in the plinian ones, typically 90-100 and 65-70% of the initial water content, respectively. The vesicularities calculated from the amount of exsolved water compare with the measured vesicularities for the plinian pumices, consistent with a closed-system, near-equilibrium degassing up to fragmentation. By contrast, the low residual water contents, low groundmass vesicularities and extensive groundmass crystallization of the pelean products are direct evidence of open-system degassing. Microtextural features, including silica-bearing and silica-free voids in the pelean lithologies may represent a two-stage vesiculation.
Introduction
Alternation of eruptive styles, i.e., dome-forming (pelean) and plinian eruptions, is common at silicic (e.g., rhyolitic and andesitic) volcanoes. Stratigraphic studies of Mount Pelée, an active andesitic stratovolcano of the Lesser Antilles arc, have revealed at least seven plinian eruptions for the last 10,000 years and a still larger number of dome-forming eruptions recorded by block-and-ash flow (BAF hereafter) and high-velocity pyroclastic flow (HVPF hereafter) deposits Roobol and Smith, 1976 , Westercamp and Traineau, 1983a , Westercamp and Traineau, 1983b , Traineau et al., 1989 and Smith and Roobol, 1990 . The transition from a pelean regime to a plinian one is stratigraphically suggested in the P1 eruption, 650 years B.P. Boudon et al., 1994 and Villemant et al., 1996. Early models for the transition between the pelean and plinian regimes considered the common sequence of an explosive phase followed by lava dome extrusion. This sequence was ascribed to pre-eruptive volatile gradients, the tapped magma being progressively less and less rich in volatiles (e.g., Eichelberger and Westrich, 1981 and Fink, 1983) . Although widely accepted and applied to many volcanoes, including Mount Pelée (Smith and Roobol, 1990) , this model has been challenged and alternative mechanisms based on gas loss through permeable conduit wall have been proposed Eichelberger et al., 1986 , Jaupart and Allègre, 1991 and Fink et al., 1992 . Geological evidence supporting this alternative model includes:
(1) eruptions of small enough magma-volumes that significant volatile stratification in the magma chamber is precluded; (2) comparable volatile contents found in glass inclusions in phenocrysts from both the plinian and dome phases of a single eruption; (3) comparable phenocryst assemblages and phenocryst compositions in the pelean and plinian products.
The pre-eruptive conditions at Mount Pelée were experimentally investigated by Martel et al. (1998) and were found to be identical for plinian and pelean samples, i.e., P=2±0.5 kb (depth 6-9 km), T=875-900°C, fO 2 =NNO+0.4-0.8, H 2 O melt content=5.3-6.3 wt.% (slightly undersaturated, saturation being found to be ∼6.9 wt.% H 2 O). Therefore, the differences in eruptive style in the recent activity of Mount Pelée cannot be ascribed to systematic differences in preeruptive water content, but may be acquired upon degassing during magma ascent and eruption Martel et al., 1998 and Villemant and Boudon, 1998 . The present study is aimed at (1) documenting the vesicularities, groundmass microtextures, and glass water contents (both matrix glasses and glass inclusions in phenocrysts) in a wide range of lithologies, specifically from the P1 plinian and the P1, 1902-04 and 1929-32 HVPF and BAF products, and (2) using the obtained data as constraints on the degassing processes and on the differences in degassing between the two observed eruptive regimes.
Studied material

Plinian material
The P1 eruption in the stratigraphic nomenclature of Westercamp and Traineau, 1983a and Westercamp and Traineau, 1983b is the last plinian event recorded at Mount Pelée. The plinian P1 deposits ( Fig. 1 ) comprise a pumice fallout layer topped by a valley-fill pumice flow of up to 60 m thick. The P1 plinian products dominantly consist of juvenile pumices, oxidized xenoliths, and macroscopically fresh, grey dense lithics. From field inspection, it is unclear whether the grey dense lithics are accessory (i.e., xenoliths) or juvenile lithics representing quenched or degassed P1 magma. In this study, we examine pumice clasts from the P1 fallout layer and from the upper pumice flow deposits of the Rivière du Prêcheur valley (Table 1) Fig. 1. Schematic eruptive sequences of the P1 (after Boudon et al., 1994 and Villemant et al., 1996 ), 1902 -1904 and 1929 -1932 (after Bourdier et al., 1989 eruptions. HVPF (high-velocity pyroclastic flow) and block-and-ash flow units are lithic-dominated whereas the plinian deposits are mostly pumices. Vesicularity measurements (sets of around 100 lapilli).
Pelean material
Pelean material from dome-forming eruptions comprises rocks from the well-documented 1902 -1904 (Lacroix, 1904 ) and 1929 -1932 (Perret, 1935 eruptions (hereafter called for brevity the 1902 and 1929 eruptions, respectively). Both eruptions included the extrusion of a lava dome and dome-generated low-energy BAFs channelled in the Rivière Blanche valley. In addition, unchannelled HVPFs occurred during the period from May 8 to August 30, 1902 . The 1902 HVPFs were the most hazardous and deadliest activity, since they claimed about 38,000 lives in St. Pierre and vicinity on May 8. In both the 1902 and 1929 eruptions, pyroclastic flow activity decreased in frequency and energy through the course of the eruption, in parallel with decreasing dome extrusion rate Lacroix, 1904 and Perret, 1935 . This suggests that pyroclastic flow activity was not principally controlled by external factors, e.g., summit topography or interaction with external water but essentially by surface and nearsurface degassing processes, which included transient explosive phases. The P1 eruptive sequence comprises basal HVPF deposits, which are comparable with the 1902 HVPF deposits in extent and lithologic characters, suggesting they similarly erupted from a growing dome Boudon et al., 1994 and Villemant et al., 1996. Our sampling covers the range of P1, 1902 and 1929 lithologies (Table 1 ). The juvenile clasts of the pelean pyroclastic flow deposits consist of various lithologic types encompassing a rather wide range of vesicularities and macroscopic textures. The most abundant lithology is a medium-grey, poorly vesicular lava with highly-crystallized groundmass (crystalline lithic). Subordinate lithologic types are a light-grey dense pumice, and a grey-greenish, almost nonvesicular lava with a crystallized to glassy groundmass (vitreous lithic). Both occur in significant amount (>10 modal%) in one P1 and some 1902 HVPF units (June 6 to August 30, 1902), while they are virtually absent in the 1902 and 1929 BAF deposits.
Vesicularity (void volume fraction)
Bulk vesicularities have been obtained by measuring clast weights in air and in water (Archimede's principle). Because most lithologic types contain large vesicles that are open to the outside or interconnected, all clasts were wrapped with known volume and weight of wax film prior to weighing. Finely crushed powders from two different clasts, a pumice from the P1 fallout deposit and a crystalline lithic from a P1 basal HVPF unit had specific weights measured with a pycnometer of 2.61±0.02 and 2.69±0.02 g/cm 3 , respectively. We have taken for the porosity calculations a dense-rock specific weight of 2.65 g/cm 3 . The vesicularities of about 100 lapilli restricted to the 1-2 cm size range have been measured for each sample. Clasts of larger sizes may have different vesicularity distributions, but we anticipate that these possible size-dependent variations are of second order, as suggested by previous studies on plinian pumices Houghton and Wilson, 1989 and Gardner et al., 1996 . The studied rocks are highly porphyritic with modal proportions of phenocrysts ranging between ∼35 and 55 (mean 47) vol.% on a vesicle-free basis (Martel, 1996) , so that bulk vesicularities have been recalculated into matrix vesicularities using a modal proportion of phenocrysts of 47 vol.% for all lapilli. Matrix vesicularities corresponds to melt vesicularities in case of crystal-free matrix glasses, but may differ significantly from melt vesicularities when the groundmass is crystallized. Matrix crystallization can occur in very different amount from one sample to another in the same deposit (microlite/glass volume ratio from 0 to 1.0, Table 2). . Therefore, differences in explosivity and violence of the pelean pyroclastic flows are not necessarily reflected by differences in the clast vesicularities. The P1 HVPF unit, in which we macroscopically distinguish three lithologic types (i.e., crystalline lithics, vitreous lithics and dense pumices) displays a wider vesicularity distribution. The poorly defined secondary mode at 54.0±5.2 vol.% corresponds to the dense pumice population, which forms about 27% modal proportion of the juvenile clasts.
Microscopic textures
Textures have been studied using backscattered electron (BSE) imaging and image analysis of selected clasts covering the range of measured vesicularities for each lithologic type. The most significant textural features of the plinian and pelean products are summarised in Table  2 and illustrated in Fig. 3 . The sizes that are reported in this section for voids and microlites are apparent long axes. Qualitative observation of BSE images of plinian pumices from both the P1 fallout and upper pumice flow units reveals a polymodal vesicle size distribution. One vesicle population consists of unevenly-distributed large (>100 μm) vesicles of irregular shape, preferentially developed along phenocrysts (Fig. 3A1 ). They apparently result from bubble coalescence, as suggested by frequent wall remnants of former smaller bubbles around them (Fig. 3A2) . The estimated size of the main vesicle population is ∼5-80 μm, with a peak at ∼10-20 μm (Fig.  3A2, A3 ). Bubbles are dominantly coalesced in this population too. The groundmass of the P1 pumices is either microlite-free (Fig. 3A2 ) or microlite-bearing ( Fig. 3A3 ) with up to 20 vol.% microlites on a bubble-free basis (determined by image analysis). Microlite-bearing pumices cover virtually the whole range of P1 pumice vesicularities. We did not observe systematic differences in vesicularity and vesicle texture between the microlite-free and microlite-bearing pumices as described in some other plinian eruptions, e.g., the May 18, 1980 plinian phase at Mount St. Helens (Klug and Cashman, 1994) .
Samples from the 1902 and 1929 domes have microscopic textures comparable to the crystalline lithics of the pelean pyroclastic flow deposits (Fig. 3B1, B2 ). Most voids have sizes in the range 5-100 μm, but some are up to 1500 μm. The voids are unevenly distributed, irregular and angular in shape, and tend to be more abundant along the margins of phenocrysts. Some voids develop along randomly oriented fractures, which cross-cut the groundmass and the phenocrysts. Smaller isolated voids, 1-10 μm in size, are either angular or subrounded. Some coalescence forms voids typically 20-30 μm in size. At vesicularity higher than ∼40 vol.%, large (>500 μm) irregular voids are more abundant and voids <200 μm are more rounded. Phenocrysts can contain irregular voids as large as 100 μm or subrounded voids of a few microns, which are sometimes connected to the outside of the crystal (Fig. 3B2 ). Many phenocrysts of the dome and crystalline lithics are cut by large, irregular fractures (Fig. 3B1, B2 ), along which relative displacements and jigsaw-fit figures are often visible.
The groundmasses of the dome and crystalline lithic lithologies are rich in microlites (50 vol.% on Fig. 3B3 , determined by image analysis), which average sizes range from a couple of microns to ∼50 μm. No systematic difference in microlite density, shape and size appears between crystalline lithics from the BAFs and the HVPFs. The pelean microlites are in general slightly larger and more equant than the plinian ones (comparing Fig. 3B3 with Fig.  3A3 ). The groundmass of the dome and the pyroclastic flow samples (especially the poorlyvesicular lithics) also contains a pervasive high-silica phase, identified as cristobalite by Raman spectroscopy (Fig. 3B3, B4 ). This high-silica phase occupies parts of the former voids or appears as heterogeneously-distributed areas with a typical cracked appearance. Crystalline silica also occurs as dispersed patches of a few microns or tens of microns, encased in the groundmass with irregular contacts against glass and microlites. The abundance of the highsilica phase in the groundmass varies greatly among the section examined and even from place to place within a given thin section. It seems systematically present in the dome samples and in the less vesicular lithic clasts, whereas it is much less abundant in more vesicular lithic clasts (melt vesicularity >0.3), and apparently absent in some vesicular lithic clasts (melt vesicularity of 0.38).
The two subordinate pelean lithologies, i.e., the vitreous lithics (Fig. 3C1 ) and the dense pumices (Fig. 3C2) , are mostly distinct from the crystalline lithic lithology by their vesicularities and void textures. The voids of the vitreous lithics are similar to those of the crystalline lithics in sizes and coalescence features, but they are much less abundant. They are very evenly distributed, areas up to 100 mm 2 not containing any void while elsewhere are clusters of either isolated or coalesced void with mostly subrounded and often elongated shapes. The dense pumices have vesicle sizes and density intermediate between the lithic lithologies and the plinian pumices. Quite unexpectedly, dense pumices are rather similar to the crystalline lithics with regard to the microlite sizes, shapes, and amounts (microlite/glass volume ratio between 0.2 and 0.8, 0.6 on Fig. 3C2 ). The vitreous lithics, although apparently glassy to the naked eye, can contain microlites. Both subordinate lithologies are devoid of the high-silica phase in the groundmass.
Glass compositions
Glass analyses were performed on a Cameca SX50 (CNRS-BRGM, Orléans) under the following conditions: 6 nA sample current, 15 kV accelerating voltage, 10 s counting time and 5 or 10 μm beam size. Glass analyses were corrected for alkali loss (Pichavant, 1987) . The glass compositions are shown on Fig. 4 . 
Compositions of the glass inclusions
In both plinian and pelean samples, inclusions are rhyolitic in composition (74-81 wt.% SiO 2 ), 5 to 80 μm in size, with an approximate mean of 20 μm, and are found in plagioclase or orthopyroxene phenocrysts. The inclusions show no systematic correlation with the composition of the host crystal, suggesting there were no significant post-entrapment chemical reactions with the crystal. The plinian inclusions are glassy, have clear contact with the host crystal and a narrow compositional range (74-76 wt.% SiO 2 ). In the pelean samples, especially in the dome samples, most of the inclusions are devitrified and surrounded by fractures. The compositions of the pelean glass inclusions vary over a wider range than in the plinian pumices (74-81 wt.% SiO 2 ), some overlapping with the plinian compositions (P1 HVPF pumices and some crystalline lithics from 1929 BAFs and P1 HVPF) while others are distinctly more differentiated (1929 dome and May 8, 1902 HVPF) . These highly differentiated pelean inclusions (>77 wt.% SiO 2 ) are interpreted as resulting from the devitrification, therefore no more representative of the pre-eruptive melt. The compositions of glass inclusions are found to vary between lithologies (pumice versus lithic) rather than between eruptive style.
Compositions of the matrix glasses
The matrix glasses from plinian material were analysed in microlite-free or microlite-poor (<10 vol.%) pumice lumps. Matrix glasses could not be analysed in some pelean samples because of the small size of glass areas (e.g., domes, May 8, 1902, and most 1929 crystalline lithics). All matrix glasses have rhyolitic compositions. The matrix glass compositions from the P1 plinian fallout pumices (75-77 wt.% SiO 2 ) compare with those from P1 pelean, microlite-poor, lithics and dense pumices (74-76 wt.% SiO 2 ). Matrix glass compositions are in the range of the plinian glass inclusions (74-76 wt.% SiO 2 ). Matrix glasses from the 1929 BAFs are more evolved than the P1 ones, reflecting higher crystallinity of the groundmass in the analysed samples.
Glass water content
Analytical methods
Near-infrared spectroscopy was used for the water determination in glasses (accuracy<0.2 wt.%, Devine et al., 1995) . Glass densities were obtained by glass weights in air and water (Archimede's principle). Water concentrations are determined using the Lambert-Beer law (Stolper, 1982) . Three standard glasses were prepared to determine the absorption coefficients, which are dependent on anhydrous glass composition and water content (Behrens et al., 1996) . We separated the matrix (phenocryst-free) from the P1 plinian fallout pumice (matrix dry-composition: 70. Unfortunately, near-infrared spectroscopy could not be used as a routine method because of the small sizes of the glass areas (generally around 20 μm in diameter). Nevertheless, the few spectra obtained show that volatiles are nearly pure water. Glass water contents were routinely measured by an improved "by-difference" method using the electron microprobe (Devine et al., 1995) . To be a valid method, the deficiency to 100% of the electron microprobe analyses has to be corrected for alkali loss (Pichavant, 1987) and the analyses have to be calibrated against standard glasses with the same compositions than the samples. Therefore, the three standard glasses described above were analysed together with the samples in each microprobe session. The 100% deficiencies of the samples were calibrated on the standard glasses (water content previously determined by Karl-Fischer titration) and attributed to their water content. Uncertainties of our glass water determinations are ±0.5 wt.%.
Water contents of glass inclusions
The water contents of glass inclusions are given by lithologic type in Table 3 and displayed on Fig. 5 . No correlation has been found between the host crystal composition and the water content of the glass inclusions (Fig. 6 ). Glass inclusions from the P1 plinian pumices have average H 2 O contents of 5.8±0.7 w% in the fallout deposit and 5.5±1.5 wt.% in the upper pumice flow unit. These average values are in the range of the experimentally-constrained pre-eruptive melt water content of 5.3-6.3 wt.% (Martel et al., 1998) . A single analysis by infrared spectroscopy on a glass inclusion from the P1 fallout deposit, yielding 6.7±0.5 wt.% H 2 O, falls in the range of microprobe analyses. There is a large dispersion, however, around the average values. Water contents lower than 5 wt.% do exist, as well as values higher than 6.5 wt.%, up to 7.8 wt.%. Glass inclusions from the pelean products have generally lower H 2 O contents than the plinian products. There are strong variations depending on the lithologic type and the eruptive unit (Table 3 ; Fig. 5 ). Glass inclusions from the 1929 dome and the crystalline lithics from one 1929 BAF are almost dry. Glass inclusions of the crystalline lithics from the May 8, 1902 HVPF have notably higher water contents, 1.6±0.8 wt.%. Those of vitreous lithics from one P1 HVPF unit have a very large range of water concentrations (2.7±1.9 wt.%), with some values as high as in the plinian products. The dense pumice lithology from the same P1 HVPF unit contrasts strongly with all other pelean lithologies since average water concentrations (5.1±1.1 wt.%) nearly reach those of the plinian pumices, although variation is larger than in the plinian pumices and values down to 2.2 wt.% also occur.
Water contents of matrix glasses
Rehydration processes by meteoric or hydrothermal water, which are often suspected to have modified matrix glass compositions after eruption, can be excluded for the samples under this study on the basis of Cl/H 2 O and δD measurements (Villemant and Boudon, 1998), except for the P1 pumice flow matrix glasses that will not be further considered (δD and δ 18 O data, Rahaingoson and Agrinier, personal communication). The water contents of matrix glasses are given by lithologic type in Table 3 and displayed on Fig. 5 .
The water contents show a narrow range, 1.8±0.3 wt.% in the plinian fallout deposit. The few analyses of matrix glasses in the 1929 products indicate virtually dry glasses within analytical error. Matrix glasses could not be analysed in similar lithology from the May 8, 1902 HVPF unit. The matrix glasses of the P1 HVPF vitreous lithic and dense pumice lithologies have water contents of 0.1±0.3 and 0.4±0.7 wt.%, respectively. The HVPF dense pumice lithology contrasts with the plinian pumices by much lower water contents in the matrix glasses.
Microlite compositions
The microlite phases in all lithologies are orthopyroxenes, oxides, and dominant plagioclases. Although the microlite compositions were not thoroughly investigated in this study, some microlite analyses are presented in Fig. 7 , showing rather large intra-lithology and interlithology compositional variations. Plagioclase and orthopyroxene microlites from the plinian P1 pumices have higher anorthite and enstatite contents, respectively, than the phenocryst rim compositions assumed to best reflect the conditions in the magma chamber prior to eruption Martel et al., 1998 and Gourgaud, 1985 . This contrasts, for instance, with data reported for pumices from the plinian phase of the Mount St. Helens 1980 eruption of whose plagioclase microlites are more albitic than the phenocryst rims Scheidegger et al., 1982 and Cashman, 1992 . This contrasts also with the microlite compositions we obtain on the pelean products, which apparently span compositional ranges poorer in anorthite and enstatite mol%. Overall, these preliminary results suggest that there may be systematic differences in microlite compositions among the plinian and pelean lithologies that presumably reflect differences in physico-chemical conditions of the microlite crystallization in response to the degassing processes. 
Discussion
Pre-eruptive water content
Trapped melt inclusions in phenocrysts are often used to infer pre-eruptive melt water contents, by assuming that glass inclusions have been closed systems since liquid entrapment and thus record the original volatile concentrations of the trapped melt (e.g., Anderson et al., 1989 and Hervig et al., 1989 . In this study, the average water content of the glass inclusions from the P1 plinian pumices, i.e., 5.8±0.7 wt.%, leads to a good agreement with the experimental pre-eruptive estimate of the melt H 2 O content (5.3-6.3 wt.%, Martel et al., 1998) determined by reproducing the natural phase assemblage and phenocryst rim compositions. Water contents in glass inclusions from other plinian eruptions show variations comparable to our P1 data, and are also in good agreement with the pre-eruptive water content predicted by experimental and petrological constraints (e.g., at Mount St. Helens and Pinatubo, see review by Johnson et al., 1994) . At Mount Pelée, the highest measured water concentrations in glass inclusions is 1 to 2 wt.% above the pre-eruptive water content and could correspond to water heterogeneities in the magma storage system. The low water contents (<5 wt.%) of most of the glass inclusions of the pelean products cannot be reconciled with the pre-eruptive melt water concentration deduced experimentally. Further, the different lithologies among the pelean products yield very contrasted water contents. Obviously, the water contents in glass inclusions from our pelean products would not be reliable to assess a pre-eruptive melt water concentration, probably due to significant post-entrapment leakage. As theoretically suggested by Tait (1992) , the water in glass may exsolve in response to decompression during magma ascent. Because the host crystal can hardly sustain elastic deformation, it may not be able to accommodate the decompression-induced expansion of the inclusion and consequently fracture. The available data therefore suggest that plinian pumices may be in most cases a suitable material for preservation of melt inclusions, presumably owing to short transit times from the chamber to the atmosphere, as well as short cooling times allowing a rapid quench of the melt inclusions, while pelean material is much prone to leakage of melt inclusions.
Water exsolution and vesiculation during magma ascent
The amount of exsolved water between the magma chamber and the quench level (glass transition temperature) is given by the difference between the water content in the magma chamber and in the matrix glass (assuming no post-depositional hydration). In plinian eruptions, the time scale between fragmentation and quenching in the atmosphere is of the order of seconds, so that water diffusion into bubbles above the fragmentation level can be neglected (Thomas et al., 1994) . Therefore, the water content of the matrix glass of the pumice clots closely represents the residual dissolved water content in the melt at the fragmentation level. This assumption is implicit in most theoretical models of plinian eruption dynamics, and the same assumption can be as well applied to pyroclasts from dome eruptions. Part of the magma, however, may be quenched below the fragmentation level, due for instance to strong cooling gradients along the conduit wall. Water-bearing obsidian clasts present in subordinate amount in some plinian tephra have been interpreted as juvenile, partially and variably degassed magma due to variable cooling rates along the conduit walls Eichelberger and Westrich, 1981 , Newman et al., 1988 , Dunbar and Kyle, 1992 and Bursik, 1993 In current theoretical models of magma ascent in explosive eruptions, the residual water content of the melt at the fragmentation level is an output parameter derived by making assumptions on the fragmentation conditions, generally by fixing a vesicularity threshold of the magma. This approach is potentially circular and prone to flaws in the current state of knowledge of the processes and conditions of explosive magma fragmentation. The frequent assumption that magma vesicularity is quenched at the fragmentation level (i.e., the vesicularity measured in the pyroclasts represents that at fragmentation) is not always true, as bubbles might expand significantly above the fragmentation level within the cooling time Thomas et al., 1994 and Gardner et al., 1996 . In this study, the melt water content at fragmentation is provided by the H 2 O determinations in matrix glasses and the difference with the pre-eruptive water content (experimentally-constrained as 5.3-6.3 wt.%) gives a direct estimate of the amount of exsolved water during ascent of the magma up to the fragmentation level. The vesicularity (α) just before fragmentation, assuming a degassing in closed-system (the exsolved water vapour remains in contact with the melt) and in equilibrium (the melt water content is the water solubility at a given pressure), is given by α=1/{1+[ρ g /((x (Pi) −x (Pe) )ρ l )]}, where ρ g and ρ l are the gas and melt densities, respectively, x (Pi) and x (Pe) the water solubility at the initial and eruptive pressure (Jaupart and Tait, 1990 ). For ρ m of 2.45 g/cm 3 , x (Pi) of 5.8±0.7 wt.% (pre-eruptive water content), a gas density calculated after Haar et al. (1984) at 900°C, and x (Pe) as the water content measured in the matrix glasses, we calculate vesicularities that are compared to the measured porosities in the plinian and pelean products (Fig. 8) , The calculated melt vesicularities for the plinian P1 fallout pumices are 69±5 vol.% for a x (Pe) of 1.8 wt.%. This is in agreement with the measured porosities (71±4 vol.%), thus consistent with a degassing as a closed-system in near-equilibrium up to the fragmentation level for the P1 plinian phase. This also implies that the pumice lapilli (1-2 cm in diameter) did not expand significantly after fragmentation. By contrast, the nearly dry matrix glasses of the 1929 products, suggesting equilibration of the residual liquid with near atmospheric pressure (consistent with its inability for explosive fragmentation) lead to calculated vesicularities ∼100 vol.%, whereas the average measured porosities range from ∼33 vol.% (up to ∼70 vol.% for the most crystallized matrix, i.e., microlite/glass ratio of 1.2, Table 2 ). The low residual water contents of the pelean P1 HPVF, i.e., 0.1 wt.% for the glassy lithics and 0.4 wt.% for the dense pumices, lead to calculated melt vesicularities >98 vol.%, whereas the measured porosities are 34±13 and 54±5 vol.% (up to ∼97 vol.% for the maximum microlite/glass ratio of 0.8; Table 2), respectively. Even the H 2 O-richest glasses of the P1 dense pumices (1.8 wt.%) lead to calculated vesicularities of 71±4 vol.%, which are higher than the 50±5 vol.% measured porosity. (1979)), calculated after Jaupart and Tait (1990) for initial (pre-eruptive) melt water contents of 5 and 6 wt.% 900°C, and water state equation of Haar et al. (1984) , assuming a closed-system near-equilibrium degassing. The points are the measured matrix vesicularities (Fig. 2) as a function of the whole range of water content measured in the matrix glass (Table 3) for the plinian and pelean lithologies of Mount Pelée. BAF for block-and-ash flow, HVPF for high-velocity pyroclastic flow.
Mechanism for open-and closed-system degassing
The low residual water contents, low groundmass vesicularities and extensive groundmass crystallization of the pelean products are direct evidence of open-system degassing above the magma reservoir. Open-system gas loss requires a gas flow from bubbles out of the magma column into the basement rocks or upward through the conduit (Eichelberger et al., 1986) , which is directly related to the relative magma/conduit permeabilities and the magma ascent rate. Experiments of gas transfer through magma attempting to approach the in-situ conditions (Westrich and Eichelberger, 1994) suggest that a rhyolitic melt becomes permeable to gas flow in the porosity range of 60-70 vol.%, consistent with the strong permeability increase at porosities of 60-70 vol.% reported by Eichelberger et al., 1986 in pyroclastic samples. The plinian pumices certainly reached porosities of 60 vol.%, at which they were potentially permeable, but they did not lose their exsolved water, probably because of fast ascent rates. In contrary, probably because of low ascent rates, the pelean magmas extensively lost their vapour, so that they must have reached vesicularities around 60 vol.%, although the final products have typical porosities of 30-35 vol.%. The pelean products may have undergone a two-stage vesiculation, evidenced by the silica-bearing and silica-free vesicles. Similar textural evidence for two vesiculation stages has been documented in the Mount St. Helens 1980 blast dacite, the first one leading to gas loss through magma permeability (Hoblitt and Harmon, 1993) . The silica-bearing vesicles could be a remnant evidence for the open-system degassing, while reaching porosities of ∼60 vol.%.
Conclusions
Petrological studies and phase equilibrium experiments have already shown that differences in eruptive regime at Mount Pelée volcano are not related to differences in pre-eruptive water content (Martel et al., 1998) , but must be ascribed to differences in degassing conditions during magma ascent, the plinian eruptions possibly approaching closed-system degassing while the pelean regime obviously requires open-system gas loss in the conduit Villemant et al., 1996 , Martel et al., 1998 and Villemant and Boudon, 1998 . In this study, pelean and plinian andesite lithologies from the most recent eruptions of Mount Pelée have been investigated for glass composition and water content, microtextures, and vesicularities in order to get information on the degassing processes during magma ascent and the bifurcation between the plinian and pelean regimes. The main conclusions are as follows:
(1) The pelean products include a wide range of lithologies that differ markedly in bulk vesicularity, glass water contents and microtextural features. They reflect variations in degassing history even within the same eruption. By contrast, the plinian pumices are much more homogeneous and reflect more uniform conditions upon magma ascent and eruption.
(2) The plinian glass inclusions ably reflect the pre-eruptive melt water content, whereas the pelean inclusions indicate water leakage.
(3) Melt vesicularities calculated from the amount of exsolved water compare with the measured matrix vesicularities for the plinian pumices and are consistent with closed-system, near-equilibrium degassing up to the fragmentation in the P1 plinian phase.
(4) The low residual water contents, low groundmass vesicularities and extensive groundmass crystallization of the pelean products are direct evidence of open-system degassing during magma ascent, occurring during the first stage (characterized by silica-bearing vesicles in the final products) of a two-step vesiculation process.
